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THE SPLIT-LOOP RESONATOR AS A SUPERCONDUCTING HEAVY I O N  ACCELERATING  ELENZNT* 
G. J. Dickt  and G. D. Sprouse l  
ABSTRACT 
Ion a c c e l e r a t i o n  t e s t s  u t i l i z i n g  a superconduct ing 
s p l i t - l o o p  r e s o n a t o r  a t  a c c e l e r a t i n g  p o t e n t i a l s  a b o v e  
2.7 MV/m have been made on i o n s  up t o  mass 29 andcharge  
s ta te  12. The v e l o c i t y   a c c e p t a n c e   a n d   t r a n s i t  time 
e f f e c t s  were measured and found t o  b e  i n  good agreement 
wi th   t heo re t i ca l   e s t ima tes .   Because   o f   t he   ve ry  low 
ene rgy  con ten t  o f  t h i s  r e sona to r ,  t he  r f  power d i s s i p a -  
t i o n  a t  low B i s  less than  1% of a n  e q u i v a l e n t  r e e n -  
t r an t  cav i ty  des ign  thus  r e l ax ing  r equ i r emen t s  on  the  
supe rconduc t ing  su r face  r e s i s t ance  and  on the  phase  
s t a b i l i z i n g  s y s t e m .  
INTRODUCTION 
A s u p e r c o n d u c t i n g  s p l i t  r i n g  r e s o n a t o r 1  h a s  b e e n  
opera ted  and  tes ted  under  condi t ions  similar t o  t h o s e  
which  would b e  r e q u i r e d  f o r  t h e  p r a c t i c a l  o p e r a t i o n  o f  
a f u l l  s c a l e  a c c e l e r a t o r .  The r e s o n a t o r  was c o n s t r u c -  
ted of  OFHC copper covered by a 51.1 l a y e r  o f  e l e c t r o -  
p l a t ed ,   chemica l ly   po l i shed   l ead .  It was cont inuous ly  
opera ted  for  ex tended  per iods  of time a t  a c c e l e r a t i n g  
f i e l d s  g r e a t e r  t h a n  2 MV/m, a n d  p h a s e  s t a b i l i z e d  a t  
2.0 MV/m t o  an  accu racy  o f  .01 r ad ian  wh i l e  ope ra t ing  
a t  4.2K.  The resonator   and  i t s  accompanying  cryogenic 
system were than shipped by commercial  carrier from 
C a l i f o r n i a  t o  New York where i t  w a s  i n s t a l l e d  i n  a 
convent iona l  beam l i n e  from a FN tandem Van deGraff 
Accelerator  where i t  was used,  without  not iceable  
degradat ion  of  i t s  p e r f o r m a n c e ,  t o a c c e l e r a t e  a v a r i e t y  
of heavy ions and t o  do prel iminary bunching experi-  
ments. The resonator  w a s  o p e n  t o  t h e  a i r  b o t h  b e f o r e  
i n i t i a l  t e s t i n g ,  and d u r i n g  t h e  t r a n s i t i o n  t o  acceler- 
a t i n g  tests,  f o r  a t o t a l  o f  more  than  15  hours.  These 
tes ts ,  on a r e s o n a t o r  s u i t a b l e  f o r  u s e  i n  a n  o p e r a t i n g  
a c c e l e r a t o r ,  d e m o n s t r a t e  f o r  t h e  f i r s t  t i m e  a complete 
o p e r a t i n g  s y s t e m  a p p r o p r i a t e  t o  t h e  c o n s t r u c t i o n  o f  a 
superconduct ing  acce lera tor  for  heavy ions .  
RESONATOR  CHARACTERISTICS 
Figure  1 shows the  r e sona to r  u sed  fo r  t he  t es t s  
d e s c r i b e d  i n  t h i s  r e p o r t .  It  has  an optimum phase  ve- 
l o c i t y  g i v e n  b y  p = Y / C  = .058, a va lue  appropr i a t e  fo r  
u s e  i n  t h e  f i r s t  p a r t  of a boos te r  des igned  to  fo l low 
an FN tandem Van de  Gra f f  acce le ra to r .  It has a r e s o -  
nant  f requency of  238 MHz and i s  contructed of  OFHC 
copper   in   four   demountable   par t s .   These   par t s   a re   sep-  
a r a t e l y  e l e c t r o p l a t e d  w i t h  l e a d  t o  a thickness  of  
approximately  8p,   chemically  polished, and then  assem- 
b led  wi th  ind ium gaske ts  provid ing  e lec t r ica l  and  ther -  
mal contac t .  The l o o p  i t s e l f  i s  hollow  and i s  con- 
s t ruc t ed  o f  a number  of p a r t s  e l e c t r o n  beam welded to-  
ge ther  and  then  annea led  and  bent  in to  i t s  f i n a l  s h a p e  
i n  two sepa ra t e  j i g s .  To le rances  o f  a few mils can  be 
h e l d   d u r i n g   t h i s   o p e r a t i o n .  The loop i s  mounted t o t h e  
can  wi th  an  ind ium jo in t s  wh ich ,  i n  add i t ion  to  p rov id -  
i n g  e l e c t r i c a l  and  thermal  contac t ,  a l so  forms  the  seal 
between the l iquid hel ium and the vacuum i n  t h e  a c c e l -  
e r a t i n g  chamber. The c u r r e n t s  i n  t h e  two arms  of t h e  
loops are e q u a l  a n d  o p p o s i t e  i n  d i r e c t i o n ,  g i v i n g  n o n e t  
c u r r e n t  a t  t h e   j o i n t   t o   t h e  w a l l .  
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Fig.  1. The s p l i t   r i n g   s t r u c t u r e .  The dimensionsshown 
are f o r   t h e  238 MHz resonator .   For   o ther   f requencies ,  
a l l  d i m e n s i o n s  s c a l e  a s  f - l -  
Some of the  impor t an t  des ign  f ea tu res  are as f o l -  
lows: t h e  optimum phase   ve loc i ty  !3 i s  g iven   approxi -  
m a t e l y  b y  t h e  r a t i o  of  gap s e p a r a t i o n  t o  t o t a l  loop 
l e n g t h .   S i n c e   t h e   p o t e n t i a l   a c r o s s   t h e   c e n t e r  gap i s  
twice t h a t  of t h e  end  gaps, i t s  spac ing  was a l so  chosen  
t o  b e  twice as  long. The d r i f t  t u b e  d e s i g n  r e q u i r e s  a 
minimum c h a r g e  t o  e s t a b l i s h  a g i v e n  p o t e n t i a l  a l o n g  t h e  
beam a x i s  c o n s i s t e n t  w i t h  low p e a k  e l e c t r i c  f i e l d s .  
C o o l i n g  f o r  t h e  r e s o n a t o r  p a r t s  was p r o v i d e d  i n  t h e  
following  manner. The loop   i t s e l f ,   where   mos t   o f   t he r f  
d i s s i p a t i o n  t a k e s  place, i s  f i l l e d  w i t h  l i q u i d  h e l i u m  
and i s  cooled   by   bo i l ing .  The body of the   can   and   the  
end p l a t e s  are cooled by conduction from a small helium 
"po t "   d i r ec t ly   above   t he  mount for   the   loop .   Pressed  
ind ium jo in t s  p rov ide  ample heat  conduct ion for  the end 
p la tes   themselves .  
f i e l d  p r o f i l e  a l o n g  t h e  beam a x i s  f o r  t h i s  r e s o n a t o r .  
This  curve  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  r e s u l t s  o f  
d r i f t  t u b e  c a l c u l a t i o n s  u s i n g  a n  e l e c t r o s t a t i c  a p p r o x i -  
mat ion.  From t h i s   d a t a ,   t h e   v e l o c i t y   a c c e p t a n c e   h a s  
been  derived  and i s  shown i n  F i g .  3 .  The shape   o f   t h i s  
curve  l ies  between those for  s imple two  and three  gap  
models.   That is, models   which  contain  equal ly   spaced,  
F igure  2 shows the  expe r imen ta l ly  measu red  e l ec t r i c  
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E l e c t r o n i c  and  e l ec t ro -mechan ica l  cha rac t e r i s t i c s  
f o r  s p l i t  l o o p  r e s o n a t o r s  are shown i n  T a b l e  I. I n c l u -  
ded i n  t h e  t a b l e  a r e  e x p e c t e d  v a l u e s  f o r  a 150 MHz 
model which we b e l i e v e  w i l l  prove more economical than 
t h e  238 MHz re sona to r  cu r ren t ly  unde r  test, and  which 
w i l l  s implify the problems involved in  bunching the 
incoming beam. A comparison t o  o t h e r  t y p e s  of  resona- 
to r s  has  been  made previous ly .  
- 1 . 0 ~ " " ' ~ ~ " ~  
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Fig;  2. E l e c t r i c  f i e l d  a l o n g  t h e  beam a x i s  of t h e  
s p l i t  r i n g  r e s o n a t o r  shown in  F ig .  1. 
gaps ,  each  wi th  the  same p o t e n t i a l .  The d i f f e r e n c e  l i e s  
i n  t h e  f a c t  t h a t  h a l f  of t h e  e n t i r e  p o t e n t i a l  d r o p  
t h r o u g h   t h i s   c a v i t y   o c c u r s   i n   t h e   c e n t r a l  gap. I n  i t s  
p r e s e n t  c o n f i g u r a t i o n , i t  c a n  b e  p r o p e r l y  c a l l e d  a 2-1/2 
gap c a v i t y .  I f  t h e  end p l a t e s  are moved f a r t h e r  from 
t h e  r i n g ,  t h e  v e l o c i t y  a c c e p t a n c e  c a n  b e  made even 
b r o a d e r  t h a n  f o r  a s imple two  gap s t r u c t u r e  a t  some 
c o s t  i n  o v e r a l l  e n e r g y  g r a d i e n t .  
. .  
Fig. 3. Acce le ra t ing   f i e ld   ave raged   ove r   t he   l eng th  of 
t h e  r e s o n a t o r  f o r  d i f f e r e n t  v e l o c i t y  i o n s  n o r m a l i z e d  t o  
t h e  a v e r a g e  a c c e l e r a t i n g  f i e l d  f o r  t h e  s y n c h r o n o u s  
v e l o c i t y .  
TABLE I 
R e s o n a t o r - E l e c t r o n i c  C h a r a c t e r i s t i c s  
1. E, = 6 MV/m (per  MV/m of energy  ga in)  
2. Bs = 100 g ( 
3. S tored  energy  per  meter a t  1 MV/m 
11 ) 
= 0.06 : 0.1 J (150MHz) 0.06 J (238 MHz) 
0.10 : 0.2  J ( I' ) 0.1 J ( I' ) 
4. Mechanical modes : 97 and  105 Hz (238 MHz) 
5. Tuning power t o  s t a b i l i z e  t o  2 0.01 r a d i a n  (B=O. 06) 
238MHz : 10 W (lMV/m) 40 W '(2MV/m) 
150MHz :-50 W ( ) - 200 W ( 'I ) 
6. R a d i a t i o n  p r e s s u r e  f r e q u e n c y  s h i f t  (238MHz) 
225Hz  (lMV/m) 9OOHz  (2MV/m) 
TABLE I1 
R e s o n a t o r - M a t e r i a l s  C h a r a c t e r i s t i c s  
Cu-Pb Elec t ropla ted  composi te  
Small  Scale  
- 
F u l l  S c a l e  
cw Pulsed 
1. Bc - 9oog  300g  400g 
2. Es 50MV/m  18MV/m  25mTlm 
3* Eacc(max) 3N/m 4blv/m 
4' Eacc   (des ign)  
5 .  Q (4-2%) 2 - 8  X 10 
6, R e f r i g e r a t i o n  p e r  MV g a i n  ( a t  2MV/m g r a d i e n t )  
44(:2.25MV/m 2OK:2.5MV/m 
7 
4OK:  12W 2'K: 4W 
Table I1 shows a surmnary of r e s o n a t o r  r e s u l t s  a s  
r e l a t e d  t o  t h e  p r o p e r t i e s  of the copper- lead composi te .  
The f i g u r e s  r e p r e s e n t  c o n s i s t e n t l y  r e p r o d u c i b l e  s u r f a c e  
p rope r t i e s  wh ich  can  be  ob ta ined  in  a v a r i e t y  of r e s o -  
n a t o r  c o n f i g u r a t i o n s .  
RESONATOR TESTS 
Af te r  a s sembly  and  exposure  to  a i r  fo r  s eve ra l  
hours ,  the  resonator  was opera ted  a t  h i g h  f i e l d s  f o r  
extended tests. As p a r t   o f   t h e s e   t e s t s  a s t a b i l i z i n g  
procedure was demonstrated which achieved a phaseerror 
of & 0 . 1  r a d i a n  a t  2 MV/m us ing  a 40 watt power ampli-  









Fig .  4. Schematic   diagram  of   c i rcui t   used  to   phase 
s t a b i l i z e  t h e  238 MHz s p l i t  r i n g  r e s o n a t o r .  
The response time o f  the  ampl i f i e r - s t ab i l i zed  r e sona to r  
i s  j u s t  t h e  d e c a y  t i m e  of the  r e sona to r  s t rong lycoup led  
t o  t h e  power ampl i f i e r ,  r educed  by the  loop  ga in  of the  
s tab i l iz ing   sys tem.   Coupl ing   be tween  the   ampl i f ie r  and 
r e s o n a t o r  was accomplished by means of a balanced,  
n i t rogen  tempera ture ,  resonant  coupl ing  l ine  rnagnet i -  
c a l l y   c o u p l e d   t o   t h e   r e s o n a t o r .  .Details of t hese   p ro -  
cedures  w i l l  be  publ ished elsewhere.  
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Cont inuous  acce le ra t ing  f i e lds  o f  2.25MVlm a t  
4.2K and 2.75MVfm a t  2.0K were ma in ta ined  fo r  many 
hour s   du r ing   t hese  tests. The only  change  observable 
be ing  a s t e a d y  d e c r e a s e  i n  e l e c t r o n  g e n e r a t e d  X r a y s  
omi t ted  f rom the  cavi ty  as t h e  s u r f a c e s  were condi-  
t ioned.  '7 * 
Following these tests, the dewar was p a r t i a l l y  
d i sa s sembled ,  sh ipped  f rom Ca l i fo rn ia  to  New York, re- 
assembled,  and  mounted i n  t h e  beam l i n e  o f  t h e  S t o n y  
Brook FN tandem Van d e G r a f f  a c c e l e r a t o r  as shown i n  
Fig.   5 .   During  this  time, t h e   r e s o n a t o r  was opened 
several times t o  t h e  a i r  f o r  t o t a l  time of approxi- 
mately 10 hours.  No e f f e c t  on resonator   per formance  
was observed  due  to  th i s  handl ing ,  nor  was any subse- 
quent ly  observed  tha t  could b e  a t t r i b u t e d  t o  c o n t a m i n -  
a t ion  due  t o  t h e  beam l i n e  vacuum o r  t h e  b e g n  i t s e l f .  
PARTICLE RESONATOR 
BEAM 
VAC ION WUMPS 
Fig.  5. Schematic  diagram of the   exper imenta l  
arrangement.  
BEAM TESTS 
In   the   exper iments ,  a DC beam was used. Thus 
some o f  t h e  p a r t i c l e s  are a c c e l e r a t e d  and some d e c e l -  
e ra ted  accord ing  to :  
d N d  1 
and : AEm = q*d*Eacc 
where AE i s  the  change  in  ene rgy  o f  t he  pa r t i c l e ,  q i s  
t h e  c h a r g e  o f  t h e  p a r t i c l e ,  and d i s  t h e  l e n g t h  o f  t h e  
c a v i t y .  
The energy and t i m e  a n a l y s i s  o f  t h e  beam were made 
w i t h  a 1001.1 x 25 mm2 s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  
p l a c e d  i n  a t a r g e t  chamber 2 meters f rom the  resonator .  
A Au f o i l  of t h i ckness  0.6 mg/cm2 was p l a c e d  i n  t h e  
beam, and t h e  d e t e c t o r  was placed at  30° t o  t h e  beam 
d i r e c t i o n .  The e n e r g y   s p e c t r u m   o f   t h e   e l a s t i c a l l y  
s c a t t e r e d  p a r t i c l e s  was used t o  measu re  the  e f f ec t  of 
t h e  r e s o n a t o r  v o l t a g e s  on the  beam. 
EAcc 2 .O M V h  
E,,, = I. I MV/m I 
/ I 
36 MeV I6O5+ RESONATOR OFF 
34 35 36 37 38 
ENERGY (MeV) 
Acce le ra t ing  f i e lds  measu red  du r ing  beam tests 
were in  exce l l en t  ag reemen t  (rt 5%) with values  calcu- 
l a t e d  f r o m  d i e l e c t r i c  b e a d  tests and based on the mea- 
sured   energy   conten t  of t h e   r e s o n a t o r .   T y p i c a l   r e s u l t s  
are shown i n  F i g .  6. 
F igu re  7 shows t h e  time evo lu t ion  of  t h e  i n t e n s i t y  
o b s e r v e d a t  t h e  d e t e c t o r . w i t h  t h e  a c c e l e r a t i n g  p o t e n t i a l  
a d j u s t e d  t o  b u n c h  t h e  beam a t  t h e  d e t e c t o r  ( a b o u t  
.85 MVIm). The wid th  o f  t he  sp ikes  appea r s  t o  be  ex -  
p l a ined  by  the  va ry ing  pa th  l eng ths  in  the  de t ec to r  
which was used. 
I .  
I RESONATOR ON 
2 1  
3 1  
V I  
0 
RESONATOR OFF 
0 5 IO 15 20 
TIME (nsec) 
Fig.  7. Spectrum  of arrival times a t   t h e   d e t e c t o r  
relative to  the  buncher  phase .  
CONCLUSIONS 
A l l  the elements of a superconducting resonant 
s t r u c t u r e  s u i t a b l e  f o r  t h e  c o n s t r u c t i o n  o f  a heavy ion 
boos ter  acce lera tor  have  been  successfu l ly  demonst ra ted  
u n d e r  c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  a c t u a l  b u i l d i n g  of 
such   an   acce le ra tor .  The pol i shed   superconduct ing   lead  
sur face  has  proven  remarkably  reproducib le  and durable .  
The s t r u c t u r e  h a s  a very  broad  ve loc i ty  acceptance ,  
r e q u i r i n g  o n l y  two types  of  resonators  for  the  con-  
s t r u c t i o n  o f  a n  a c c e l e r a t o r  w i t h  a t o t a l  e n e r g y  g a i n  of 
10 MV/charge. A lower  frequency  resonator  than  the  one 
which was t e s t e d  w i l l  p r o b a b l y  b e  d e s i r a b l e  f o r  r e a s o n s  
both  of  economy and bunching ease. 
p a t i o n  i n  t h e  a c c e l e r a t o r  t o . b e  a p p r o x i m a t e l y  1 2 w a t t s / W  
at 4.2K f o r  a n  a c c e l e r a t i n g  f i e l d  o f  2 TjV/m. A t  t h i s  
level, t h e  c o s t  0 f " r e f r i g e r a t i o n  i s  a small f r a c t i o n  of 
o f  t h e  o v e r a l l  c o s t  o f  such  an  acce lera tor  and  there  
appea r s  t o  be  no  r eason  to  use  the  much more complicated 
r e f r i g e r a t i o n  s y s t e m s  r e q u i r e d  f o r  l y e r  temperatures .  
Based  on  measured r e s u l t s ,  we expect  power d i s s i -  
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